Introduction
Nitric oxide (NO) is a ubiquitous, endogenously produced free radical, which is involved in a wide variety of biological processes, such as vasodilation, neurotransmission, blood clotting and host defence mechanisms (Ignarro, 1990; Moncada et al., 1991) . NO is produced by conversion of oxygen and L-arginine to NO and L-citrulline. This reaction is catalysed by nitric oxide synthase (NOS), of which there are three different isoforms: endothelial nitric oxide synthase (eNOS), inducible nitric oxide synthase (iNOS) and neuronal nitric oxide synthase (nNOS) in almost all types of cell (Griffith and Stuehr, 1995) . eNOS and nNOS are constitutive and Ca 2+ -calmodulin-dependent isoforms that are involved in cellular signalling. iNOS is an inducible isoform produced only in response to a stimulus and is not Ca 2+ dependent.
NO plays important roles in many events during embryonic development, such as regulation of egg activation at fertilization in sea urchin oocytes (Kuo et al., 2000) , and regulation of the balance between cell proliferation and differentiation in Drosophila embryo development (Kuzin et al., 1996) . In addition, several studies have reported the activities of the NO-related enzyme, NOS, in preimplantation development (Gouge et al., 1998) and implantation in mammals (Novaro et al., 1997; Biswas et al., 1998; Gagioti et al., 2000; Saxena et al., 2000) . Although it has been reported that eNOS and iNOS are expressed in blastocysts collected from the uterus of delayed-implanting mice, and preovulatory and ovulatory oocytes (JablonkaShariff and Olson, 1997 Olson, , 1998 Gouge et al., 1998) , expression and activities of NOS in preimplantation embryos and the role of NO in preimplantation development has not been fully elucidated. In the present study, the presence and changes of NOS activities, and the distribution of eNOS and iNOS isoforms were examined in mouse embryos during preimplantation development and in unfertilized mouse oocytes at the second metaphase (MII) stage using NADPHdiaphorase histochemistry and immunofluorescence staining, respectively. Because NOS and NADPH diaphorase activities are induced by different properties of the same enzyme molecule, NADPH diaphorase activity can be used as a marker for NOS (Wang et al., 1995) .
Localization of nitric oxide synthase activity in unfertilized oocytes and fertilized embryos during preimplantation development in mice
Changes in the activities of nitric oxide synthase (NOS) during embryonic development, and the distribution of endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS) isoforms were examined in unfertilized mouse oocytes at the second meiotic metaphase (MII) stage and in fertilized mouse embryos during preimplantation development. In addition, the effects of NOS inhibitors on mouse preimplantation development in vitro were investigated. The activities of NOS in MII oocytes and fertilized embryos during the preimplantation period were determined by NADPHdiaphorase staining. Although NOS activity was detected in unfertilized MII oocytes, the intensity of staining was much weaker than that of fertilized embryos at the one-cell stage. There was a decrease in NOS activity in embryos from the four-cell to the eight-cell stage; however, NOS activity increased again in embryos at the morula stage, particularly in the inner cell population. In the expanded blastocysts, staining was confined to the inner cell mass. Immunocytochemical staining showed that eNOS and iNOS were expressed in the cytoplasm of oocytes and embryos during the preimplantation period, and eNOS was also distributed in the nuclei of the embryos. When one-cell embryos were treated with 1 mmol N -nitro-L-arginine methyl ester (L-NAME) l -1 , their development in vitro was arrested at the two-cell stage. This inhibition of development was overcome by the addition of 1 mmol L-arginine l -1 to the medium. These observations indicate that nitric oxide plays an important role as a diffusible regulator of cell proliferation and differentiation, especially at the developmental transition from the two-cell to the four-cell stage during preimplantation development of mice.
Materials and Methods

Chemicals
Antibodies and blocking peptides against eNOS and iNOS were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). NOS inhibitors, N -nitro-L-arginine-methyl ester (L-NAME), L-N 5 -(1-iminoethyl)-ornithine (L-NIO) and aminoguanidine were purchased from Sigma (St Louis, MO). Biotin-conjugated secondary antibody and fluorescein isothiocyanate (FITC)-conjugated streptavidin were purchased from DAKO (Glostrup). Other reagents were purchased from Wako Pure Chemical Industries Ltd (Osaka).
Oocyte and embryo collection and culture ICR female mice (aged 4-6 weeks) were superovulated by injections of 5 iu equine chorionic gonadotrophin (eCG) followed by 5 iu hCG 48 h later. At 16 h after hCG injection, unfertilized MII oocytes were collected from the oviducts by scratching the ampullae using a hypodermic needle. Fertilized one-cell embryos were collected from the ampullae of oviducts of superovulated females that had been mated with the same strain of male at 20 h after hCG injection. The cumulus cells were removed by digestion with 0.1% (w/v) hyaluronidase for approximately 5 min. Embryos were then cultured in potassium simplex optimized medium (KSOM) (Erbach et al., 1994) at 37ЊC under 5% CO 2 in air. Embryos at the two-cell, four-cell, eight-cell, morula and blastocyst stages were collected after 18-22 h of culture (38-42 h after hCG injection), 44-46 h of culture (64-66 h after hCG injection), 56-61 h of culture (76-81 h after hCG injection), 66-71 h of culture (86-91 h after hCG injection) and 92-96 h of culture (112-116 h after hCG injection), respectively.
In an experiment to examine the effects of the NOS inhibitors L-NAME, L-NIO and aminoguanidine on the development of mouse embryos, one-cell embryos were cultured for 4 days in KSOM alone or in medium containing 1 mmol L-NAME l -1 , 10 mmol L-NIO l -1 or 2 mmol aminoguanidine l -1 with or without 1 mmol L-arginine l -1 , at 37ЊC under 5% CO 2 in air. Development of embryos to the two-cell, four-cell, morula and blastocyst stages was examined at day 4 of culture. Embryos at the four-cell stage were cultured in KSOM with or without 1 mmol L-NAME l -1 to examine the effect of L-NAME on the development in vitro of embryos to the morula and blastocyst stages after day 2 of culture.
Mice were anaesthetized with ether and killed by cervical dislocation. All procedures involving animals were approved by Kyoto University Animal Care and Use Committee.
NADPH-diaphorase histochemistry
Unfertilized MII oocytes and embryos were fixed in 0.2% (v/v) glutaraldehyde in PBS for 5 min, rinsed twice in PBS and incubated for 30 min at 37ЊC in 0.1 mmol Tris-HCl l -1 , pH 7.2, containing 1 mmol β-NADPH l -1 , 0.2 mmol nitroblue tetrazolium l -1 and 0.2% (v/v) Triton-X100. The oocytes and embryos were rinsed twice in PBS and mounted on glass slides. Omitting β-NADPH from the incubation solution served as a control for the specificity of the reaction.
Embryos at the one-cell stage were cultured in vitro for 20 h in medium with or without 1 mmol L-NAME l -1 . Embryos that developed to the two-cell stage after 20 h of culture were stained for NADPH-diaphorase activity, as described above, to examine the effect of NOS inhibitor on NADPH-diaphorase activity.
Immunofluorescence staining
Unfertilized MII oocytes and embryos were fixed in 3.7% (w/v) paraformaldehyde in PBS overnight at 4ЊC. The fixed specimens were permeabilized in 0.1% (v/v) Triton-X100 in PBS for 15 min. Oocytes and embryos were rinsed in PBS, placed in blocking solution (0.1% (w/v) BSA and 0.01% (v/v) Tween 20 in PBS) for 15 min and then incubated for 1 h in blocking solution with primary antibody (100-fold dilution). The specimens were rinsed in blocking solution and incubated with secondary antibody (anti-rabbit immunoglobulin antibody conjugated to biotin) diluted 500-fold in blocking solution for 30 min and then with FITC-conjugated streptavidin diluted 100-fold in blocking solution. The specimens were washed again and mounted on glass slides. Fluorescence of FITC was visualized by excitation at 488 nm with the argon laser on a confocal laser microscope Carl Zeiss, Oberkochen) , and oocytes and embryos were cut into 1 µm sections. Primary antibodies were pretreated with blocking peptide for 1 h at room temperature before incubation with oocytes and embryos to determine the specificity of the primary antibodies. All the samples were processed and analysed together under the same conditions.
Statistical analysis
Experiments on the effects of NOS inhibitors on the development in vitro of one-cell embryos beyond the twocell stage and on the effect of L-NAME on the development in vitro of four-cell embryos to the blastocyst stage were repeated three times. Data were analysed by ANOVA and Fisher's protected least significant difference test. Percentage data were subjected to arcsine transformation before statistical analysis. A value of P < 0.05 was considered to be significant.
Results
NOS activity of unfertilized oocytes and preimplantation embryos
The expression of NOS activities in mouse unfertilized MII oocytes and embryos was visualized during preimplantation development by cytochemical staining for the NADPH diaphorase activity of NOS, which reflects the distribution of the total enzyme activity in an egg. NADPH-diaphorase staining was observed in unfertilized MII oocytes and embryos during preimplantation stages. A substantial increase in staining was evident after fertilization (Fig. 1) . After the two-cell stage, the intensity of staining decreased as development proceeded to the eight-cell stage. However, the staining intensity increased at the morula stage, and in particular staining of the inner cell population of compacted morula was stronger than that of the outer cell population (Fig. 1f) . In early blastocysts, staining was much stronger in the inner cell mass (ICM) than in trophectoderm cells, whereas at the expanded blastocyst stage, staining was confined to the ICM (Fig. 1g,h ). No reactive staining was observed in the control MII oocytes which were incubated in medium that did not contain β-NADPH (Fig. 1i ).
Expression and localization of eNOS and iNOS during preimplantation development
As NOS activity was detected in unfertilized MII oocytes and preimplantation embryos, immunocytochemistry was used to determine whether NOS isoforms are expressed in oocytes and embryos. Expression of eNOS and iNOS was detected in oocytes and embryos during the preimplantation period (Fig. 2) . eNOS protein was distributed either evenly or in fine granules in the cytoplasm and nuclei (except nucleoli) of embryos at the one-cell to blastocyst stages, whereas fluorescence intensity was weaker in the nuclei of embryos at the two-cell to blastocyst stages. iNOS protein was distributed either evenly or as fine granules in the cytoplasm of oocytes and embryos at the one-cell to blastocyst stages. Fluorescence was also observed in a granular pattern in cytoplasm of oocytes and embryos at the one-cell to morula stages. In embryos at the one-cell and two-cell stages, granular staining was distributed at the periphery or the perinuclear region of the cytoplasm. The staining intensity of iNOS in morula and blastocysts was weaker in the inner cell population and the ICM than in the outer cell population and the trophectoderm cells, respectively. After pretreatment of each primary antibody with the respective blocking peptide, nuclear and cytoplasmic fluorescence were not observed (Fig. 2h, panels A  and B) , indicating that the staining was specific for each of the NOS proteins.
Inhibitory effects of L-NAME on development of one-cell embryos beyond the two-cell stage in vitro
The effects of the NOS inhibitors L-NAME, L-NIO and aminoguanidine were examined to investigate the role of NOS activity in the development of embryos in vitro during the preimplantation period. When one-cell embryos were treated with 1 mmol L-NAME l -1 , the development of most of these embryos was arrested at the two-cell stage, whereas when one-cell embryos were cultured for 4 days in medium without L-NAME, most of these embryos developed to blastocysts (Table 1 ). The developmental arrest could be partially overcome by the concomitant addition of 1 mmol L-arginine l -1 to the medium.
When NADPH-diaphorase activities of embryos at the early two-cell stage that developed from one-cell stage embryos in medium with or without 1 mmol L-NAME l -1 were compared, it was found that the staining intensity was decreased after treatment with L-NAME (Fig. 3) . The concomitant addition of 1 mmol L-arginine l -1 to cells treated with L-NAME attenuated the decrease of the staining intensity after L-NAME treatment (data not shown). These data indicate that inhibition of NOS activity by L-NAME resulted in the developmental arrest at the two-cell stage.
(i) Fig. 1 . NADPH-diaphorase staining in mouse oocytes at the second meiotic metaphase (MII) stage and in preimplantation mouse embryos. MII oocyte (a) and embryos at the one-cell (b), two-cell (c), four-cell (d), eight-cell (e), morula (f), early blastocyst (g) and expanded blastocyst (h) stages were incubated for 30 min at 37ЊC in 0.1 mmol Tris-HCl l -1 , pH 7.2, containing 1 mmol β-NADPH l -1 , 0.2 mmol nitroblue tetrazolium l -1 and 0.2% (v/v) Triton-X100. (i) MII oocyte stained in the incubation medium without NADPH (control). Twenty-four oocytes or embryos were analysed at each stage of development. The experiment was repeated three times and showed essentially the same results on each occasion. Scale bar represents 50 µm.
A. Nishikimi et al. When four-cell embryos were cultured in medium with 1 mmol L-NAME l -1 , the development to the blastocyst stage was not affected (Table 2) . However, when one-cell embryos were cultured for 4 days in medium with or without L-NIO or aminoguanidine, addition of neither L-NIO nor aminoguanidine caused developmental arrest at the two-cell stage, but blastocyst formation was inhibited at concentrations of 10 mmol l -1 and 2 mmol l -1 , respectively (Table 3) . However, as the addition of L-arginine did not induce development to the blastocyst stage (Table 3) , it is likely that the inhibitory effects of L-NIO and aminoguanidine on the developmental transition from the morula to blastocyst stage were exerted through their non-specific deleterious actions.
Discussion
In the present study, the expression and activities of NOS in MII oocytes and preimplantation embryos of mice were investigated by immunofluorescence staining using antibodies against eNOS and iNOS, and by NADPHdiaphorase staining, respectively. In the NADPHdiaphorase staining experiments, two peaks of NOS activity were observed in embryos during the preimplantation period. The first peak occurred immediately after fertilization. The activities of NOS increased substantially and were higher in embryos at the one-cell and two-cell stages than in unfertilized MII oocytes and embryos at the four-cell and eight-cell stages. Kuo et al. (2000) also found an increase in the activity of NOS after fertilization in sea urchin eggs, and reported that NOS and NO-related bioactivities were necessary and sufficient for successful egg activation at fertilization. Therefore, it could be considered that the role of NOS and the related metabolism in egg activation is conserved through evolution from sea urchins to mammals. Furthermore, it is known that zygotic gene activation, that is, changing from maternal to embryonic transcriptional regulation, occurs in mouse embryos at the late one-cell to two-cell stages (Telford et al., 1990; Schultz, 1993) , and that developmental arrest at the time when zygotic gene activation occurs is caused by disturbance of transcriptional activity or redox regulation in embryos at the one-cell and two-cell stages (Telford et al., 1990; Johnson and Nasr-Esfahani, 1994) . In the present study, treatment of one-cell embryos with 1 mmol L-NAME l -1 , which substantially decreased NOS activities, caused developmental arrest at the two-cell stage, but did not affect the first cleavage to the two-cell stage. In addition, treatment of mouse embryos at the one-cell stage with N-acetylcysteine or pyrolidine dithiocarbamate, both of which are antioxidants, induced stage-specific developmental arrest at the two-cell stage (Nishikimi et al., 1999) . These results indicate that oxygen free radical species, including NO, generated intracellularly, are required for the progression of mouse embryos through the two-cell stage and probably also for the transition between maternal and embryonic gene expression in mouse embryos. The second peak of NOS activity occurred after cleavage. NOS activities were expressed mainly in the inner cell population of compacted morula and the ICM of blastocysts compared with the outer cell population and trophectoderm cells, respectively. At the expanded blastocyst stage, NOS activity decreased below the level of detection in trophectoderm cells. However, as blastocyst formation was not prevented by a specific NOS inhibitor, it seems likely that NOS activity is not associated with embryonic development during this period, although the possibility of an aberrant formation of blastocysts after L-NAME treatment could not be excluded. In an attempt to eliminate this possibility, a further experiment would be required to investigate the numbers of ICM and trophectoderm cells by using differential staining of blastocysts cultured with or without L-NAME in the culture medium. However, recently, it has been reported that NOS and its related activities play a role in implantation and post-implantation development of early embryos (Novaro et al., 1997; Biswas et al., 1998; Saxena et al., 2000) . Although NADPH-diaphorase activity was not detected in implanting embryos, intense activity was observed in trophectoderm cells of postimplantation stage embryos that were either lodged into the implantation chamber (in situ) or after culture (in vitro) (Gagioti et al., 2000) . In addition, implantation rates in mice decreased markedly under higher doses of NO (Barroso et al., 1998) . Moreover, NADPH- Fig. 3 . Decrease of NADPH-diaphorase activity in embryos after treatment with N -nitro-L-arginine methyl ester. NADPHdiaphorase staining was performed in embryos that developed to the two-cell stage in in vitro culture for 20 h after collection of one-cell embryos in medium without (a) or with (b) 1 mmol Nnitro-L-arginine methyl ester l -1 . Ten embryos were analysed in each group. The experiment was repeated three times and showed essentially the same results on each occasion. Scale bar represents 50 µm.
diaphorase staining of expanded blastocysts appeared to be confined to ICM cells and was not observed in trophectoderm cells. Taken together, these findings indicate that the reduction of NOS activity in trophectoderm cells of preimplantation and implanting blastocysts might be required for normal implantation.
In the present study, immunofluorescence revealed that eNOS was localized uniformly in the MII oocyte cytoplasm, as described by Jablonka-Shariff and Olson (1997, 1998) , and that during the preimplantation stage, the fluorescent signal was observed in nuclei and cytoplasm. However, it appeared that the nuclear signal was much weaker in the two-cell to blastocyst stages. The present study is the first to show that eNOS is present in the nuclei of preimplantation embryos. This finding is unexpected, as it is well established that eNOS is a membrane-bound protein found in endothelial cells and many other types of cell (Pollock et al., 1993; North et al., 1994; Powers et al., 1995; Jablonka-Shariff and Olson, 1997) . However, it is not known whether the nuclear localization of eNOS is associated with the development of early cleavage stage embryos. iNOS was localized in the egg cytoplasm at the MII stage and throughout the preimplantation period. In particular, intense granular fluorescence signals were localized in the cytoplasm of oocytes and embryos up to the morula stage, and in blastocysts the fluorescence intensity was weaker in the ICM than in the trophectoderm cells. However, Saxena et al. (2000) showed that iNOS was expressed mainly in the ICM of blastocysts after hatching. Unfortunately, at present, any correlation between the amount and localization of the NOS activities and the two NOS isoforms cannot be explained. Gouge et al. (1998) also demonstrated the importance of NOS in normal embryonic development of mouse preimplantation embryos. Their findings showed that nitrate and nitrite, metabolites of NO, were detected in the conditioned medium of embryos cultured for 24 h in KSOM supplemented with 3 mmol L-arginine l -1 using the Griess assay. However, in the present study, medium of embryos cultured with or without L-arginine did not reveal the presence of nitrite or nitrate using the Griess assay (data not shown). Athanassakis et al. (2000) reported that although production of NO by normal early stage embryos was not detectable by the Griess assay, stimuli toxic to the embryos, such as interferon ␥, tumour necrosis factor α and lipopolysaccharide, significantly induced NO production by the embryos to a concentration that could be detected by the Griess assay in a manner that was correlated with the induction of the inducible or endothelial isoforms of NOS. Therefore, it seems likely that an extremely small amount of NO is required for physiological regulation of preimplantation development, but higher concentrations of NO generated in embryos play a potential role in early embryonic death.
Knockout mice for eNOS, iNOS and nNOS have been produced. Mature eNOS knockout females produce significantly fewer pups in each litter compared with heterozygote or wild-type females, because of a failure of ovulation and oocyte meiosis in eNOS knockout mice (Jablonka-Shariff and Olson, 1998) . However, it is not obvious whether the lower maturation competence reaching the MII stage of eNOS knockout oocytes was due to a significant reduction of NO production in the oocytes, as it might be very hard to detect NO in the medium of cultured mouse oocytes during the maturation period. However, it was found that both iNOS and nNOS knockout oocytes were normally ovulated and after fertilization they were capable of developing normally until birth (Huang et al., 1993; Wei et al., 1995) . The present study showed that development of mouse embryos beyond the two-cell stage in vitro was completely inhibited by L-NAME, but L-NIO and aminoguanidine had no affect on development beyond this stage. L-NAME is generally known to have a higher potency in inhibiting eNOS than do L-NIO and aminoguanidine, both of which are relatively selective inhibitors for iNOS (Mandai et al., 1996; Wheeler et al., 1997; Kane et al., 2001) . Therefore, these findings indicate that eNOS activity in mouse preimplantation embryos may play an important role in their development, especially in the transition from the two-cell stage to the four-cell stage.
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